A capillary electrophoresis (CE)-potential gradient detection (PGD) method was developed for quick and sensitive determinations of puerarin, farrerol and baicalin. The flavonoids were baseline separated in 1.9 min with a buffer comprised of 20 mM tris(hydroxymethyl)aminomethane (Tris) and 3 mM HCl at pH 8.69. The analysis time is, to the best of our knowledge, the shortest for the CE analysis of flavonoids. The association constants, determined by affinity CE, suggested an ion-dipole or ion-induced dipole interaction between Tris and flavonoid molecules. The detection limits, in the range of 0.068 and 0.116 mg L -1 , were lower than the early reported UV and chemiluminescence detection techniques. A solvent-extraction method was coupled to CE to determine baicalin in a Chinese herbal preparation Scutellaria Baicalensis Georgi. The concentration of baicalin in the sample was determined to be 5.1%. Validation of the method suggested its applicability in real sample analysis.
Introduction
and amperometry, 24, 25 have been hyphenated to CE in the detection of flavonoids. Compared with HPLC, CE methods Flavonoids are commonly existing constituents in traditional suffer from a disadvantage of low detection sensitivity, Chinese medicine (TCM). Nowadays, over 6500 flavonoids particularly when on-column optical detection is employed due have been identified. 1 Researches of flavonoids have been to the shorter detection pathlength. 26 Such a problem can be prompted by their potential pharmacological effects, such as alleviated when a non-optical detection method is employed, anticancer, 2, 3 protection of the cardiovascular system, 4 sedative, 5 such as the often-used amperometric or conductometric detection anti-bacterial infection, 6 antiviral, 7 and the hormone action. 8, 9 techniques. Recently, Bachmann et al. reported their work on The diversity in the biological functions of flavonoids stems determining flavonoids with capacitively coupled contactless from their different chemical structures. Moreover, a herbal conductivity detection (C 4 D). 1 The flavonoids were medicine is a mixture of many chemical components that are electrophoretically separated in 3.3 min with detection limits, usually responsible for the therapeutic effects; and the converted to molarity, ranging from 5.0 to 7.4 × 10 -7 M. interactions among these components make their relationship to Potential gradient detection (PGD) is a kind of conductivity the safety and efficacy much more complicated. 10 Therefore, detection that is operated under a direct current mode. It has the efficient and sensitive methods are required for qualitative advantages of simplicity and easy miniaturization compared and quantitative analysis of the active compounds in herbal with other modes that often need sophisticated electronic design medicine or for quality control.
or micromanipulation with great care to position electrodes. 26 Methods such as thin-layer chromatography (TLC), The applicability of PGD has been successfully demonstrated supercritical fluid chromatography (SFC), gas chromatography on inorganic ions, small organic molecules, and even large (GC) and high-performance liquid chromatography (HPLC) biological species. [27] [28] [29] have been reported for the separation and determination of The objective of this paper was to develop a rapid and sensitive flavonoids. HPLC is the most widely used technique for both CE-PGD method for the determination of flavonoids. For a qualitative and quantitative analyses of phytochemical substances demonstration, puerarin, farrerol and baicalin (structures shown due to its wide accessibility, good reproducibility and relatively in Fig. 1 ) were selected as model analytes. The influences of high sensitivity. 11 Capillary electrophoresis (CE), owning to the background co-and counter-ions as well as the buffer pH and short analysis time, high separation efficiency, low sample the concentration were investigated. The applicability of the and buffer consumption, has developed rapidly since its method was studied by determining baicalin in a traditional introduction, 12 and is now a promising separation technique for Chinese herbal preparation Scutellaria Baicalensis Georgi. The pharmacologically interesting compounds in biological performance of CE-PGD was compared with an established matrices. 1, [13] [14] [15] [16] A number of detection techniques, e.g., high-performance liquid chromatography method. 30 † To whom correspondence should be addressed. E-mail: qinwd@bnu.edu.cn 
Experimental

Reagents and chemicals
Standards of puerarin, farrerol and baicalin were purchased from National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Tris(hydroxymethyl) aminomethane (Tris, ≥99.0%), oxalic acid (99.5%), tartaric acid (99.5%), methanol (≥99.5%), water solutions of formic acid (88%), hydrochloric acid (37%), phosphoric acid (≥85.0%) and ethylamine (33%) were from Beijing Chemical Plant (Beijing, China). Solutions were prepared with double-distilled water, and filtered through a 0.22-μm filter (Jiuding High Tech., Beijing, China) before use. Individual flavonoid stock solutions of 1000 mg L -1 each were prepared with 10 mM NaOH in order to achieve sufficient solubility, and the migration time of sodium ion was used as a reference in a study of the adsorption mechanism. Solutions were stored under -20°C and were properly diluted with double-distilled water to make working standards.
Treatment of sample
The procedures reported by Lin et al. 31 were slightly modified and followed for a treatment of the herbal sample. A Chinese herbal preparation, Scutellaria Baicalensis Georgi (Huangqin Yinpian), bought from a local drug store, was pulverized and mixed homogenously. An aliquot of powder (0.1000 g) was extracted with 10 mL of methanol for 30 min in an ultrasonic bath at 35°C. After centrifugation, the supernatant was collected and the powder at the bottom was extracted two more times with the same procedures. The organic phases were mixed and evaporated to dryness using a rotary evaporator at a water bath of 35°C. The residue was re-dissolved in 30 mL of 10 mM NaOH and was 10-fold diluted with double-distilled water prior to analysis.
Capillary electrophoresis
The CE system consisted of a high-voltage power supply (Tianjin, China) and a house-made potential gradient detector. A detection cell of 9-cm length (8.8 cm effective length) was made of a 50-μm i.d. capillary (Ruifeng Photoconduction Fiber, Hebei, China). It was fabricated following a report of Xu et al., 27 and the structure was reported elsewhere. 28 The output signal from the detection cell was fed to a voltage follower (CA3140, Harris, FL), and was then amplified by an OP07 operational amplifier (Maxim, CA) and compensated against the baseline. The signal from the detector was transferred to a data-acquisition unit CT22 (Qianpu Corp., Jiangsu, China) controlled by a Chromatography Station (HW-2000, Qianpu Corp.); the station was further used for a CE performance assessment and quantification. The cell was pretreated by flushing sequentially with 0.5 mM NaOH for 30 min, double-distilled water for 10 min, and running buffer for 5 min. It was rinsed for 30 s with a running buffer between consecutive runs. Under the optimal working conditions, the separation voltage was 4 kV and a current of 4 μA was generated.
High-performance liquid chromatography (HPLC)
An Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA) equipped with a Model G1315B UV-Vis diode array detector (Agilent) was employed. The method in a reference 30 was modified and followed. During analysis, the injection of a 20-µL sample was followed by isocratic elution with phosphoric acid (0.2%)-methanol (56:44, v/v) on a Diamonsil C18 column (200 × 4.6 mm, Dikma, Beijing, China) at a flow rate of 0.9 mL/min. The separation was carried out under ambient temperature, and the analytes were monitored at 280 nm.
Results and Discussion
Influence of background electrolytes (BGEs)
Five BGEs were investigated in this study. The peak height of purarin was low, and the peak shape of farrerol was poor with ethylamine-HCl (Fig. 2, Trace A) . Only puerarin and farrerol could be detected with Tris-formate (Trace B). Compared with Tris-chloride (Trace C), the signal intensity of Tris-tartrate (Trace D) was small and the baseline noise was high. The migration order of farrerol and baicalin reversed in a buffer of ethylamine-oxalate, and the separation took +4 kV. Other conditions were the same as in Fig. 3 . approximately 6 min (Trace E). Our early report 28 indicated that phosphate had an impact on the separation of quinolones. The experiments suggest that there probably exist interactions system.
Effect of the buffer pH
The influence of the buffer pH was investigated batchwise by titrating a 20 mM Tris solution with hydrochloric acid to pH values of 9.33, 9.18, 8.84, 8.69, 8.19, 8 .07, and 7.40, corresponding to HCl concentrations of 0.5, 1, 2, 3, 6, 12, and 18 mM, respectively. The PGD response of the analytes as a function of the buffer acidity generally displays a convex profile with a maximum at pH 8.69 (Fig. 3) . Moreover, resolutions between neighboring peaks improved with the buffer acidity. The peaks of farrerol and baicalin that could not be separated at pH 9.33 and 9.18 were baseline separated at pH 8.69. However, the analysis time was prolonged from 1.7 to 3.6 min. Taking into account of the parameters of the sensitivity, peak resolution and analysis time, a buffer pH of 8.69 was selected for further investigations.
Influence of the buffer concentration
Tris-chloride buffers of different concentrations at a fixed pH value of 8.69 were investigated. No peaks could be identified from the baseline noise with 5 mM Tris-chloride (Fig. 4) . Poor peak profiles were observed at a concentration of 15 mM; additionally, the peak heights are lower compared with a 20 mM buffer. From the buffer concentration of 20 mM, sharp peak profiles associated by trends of decreasing peak height and width as a function of the buffer concentration was observed. An enhancement in the buffer concentration fortifies the electrostacking effect of the sample plugs, leading to sharp peaks and increased peak heights (Traces A to C of Fig. 4) . Increasing the BGE concentration also reduces the thickness of the diffusion of the double layer, 15 and causes changes in mobilities of the analytes as well as the intensity of EOF. Figure 5 indicates that the intensity of EOF and the absolute mobilities of flavonoids decrease significantly, within experimental error, with buffer concentrations from 10 to 60 mM; however, the mobilities of sodium showed a tendency of increase. The pKa of the protonated Tris is 8.06, 32 and adsorption of the cationic Tris + onto the inner silica wall would alleviate the electrostatic sodium-silica wall interaction. The trends of all traces with buffer concentrations from 60 mM and onward in Fig. 5 are, however, relatively stable, implying a saturated wall-adsorption of Tris + and a weak interaction between the flavonoids and the BGE. By adopting the method described in the work of Luo et al., 33 the association constants of Tris-flavonoid were determined by affinity CE to be 26.1, 25.2 and 6.5 M -1 for querarin, farrerol and baicalin, respectively. The Gibbs free energies (∆G = -RTln K) were in the range of 5.4 to 9.5 kJ/mol, suggesting ion-dipole or ion-induced dipole interactions between Tris and flavonoids molecules. 33, 34 With buffer concentrations from 10 to 60 mM, the mobilities of flavonoids decreased at an average of about 16%, while the intensity of EOF decreased at 33%. Adsorption of Tris + onto the silica wall might be mainly attributable for an additional mobility loss of 17% for EOF. With a buffer concentration of 20 mM, the baseline separation of the flavonoids could be achieved with good sensitivity in ca. 1.9 min; this is to the best ), 25 UV-vis (the LOD of puerarin was 0.121 mg L -1 ) 35 and chemiluminescence (the LOD of baicalin was 0.54 mg L -1 ) 23 techniques. The intraand inter-day precisions, expressed as relative standard deviations (RSDs), were calculated from standard solutions of three levels (20, 40 and 60 mg L -1 ) on a single day and on three consecutive days, respectively. The intra-and inter-day RSDs of migration times were from 1.29 to 2.33% and from 1.52 to 3.02%, respectively. All RSDs of the peak areas were no more than 11.63%, suggesting that the method could be used for real sample analysis according to the Food and Drug Administration (FDA) guidance for bio-analytical validation. 36 The cell-to-cell reproducibility is an important parameter in PGD detection. Three PGD cells of the same dimensions were fabricated, and each cell was tested using five replicates with a standard solution of 20 ppm each. The precision in terms of the migration time and the peak area was analyzed with the F-test to detect random errors and with the Student's test to check for any systematic errors. The F values were no more than 5.27 and 4.21 for the migration time and the peak area, respectively. However, the t values for the two parameters were no more than 2.12 and 1.58, respectively. Our experiments suggest no significant differences among the cells at a confidence level of 95% for both the F-and t-tests (theoretically, F(4,4) = 6.39, t8 = 2.31).
Determination of baicalin in Scutellaria Baicalensis Georgi.
Determination of baicalin in a prepared Chinese herbal product, Huangqin Yinpian (Scutellaria Baicalensis Georgi), was carried out to demonstrate the applicability of the developed CE-PGD method. An established HPLC-UV method 30 was slightly modified and adopted for the purpose of verification and comparison (Fig. 6 ). The concentration of baicalin in the sample was determined to be 5.10% with CE-PGD and 5.21% with HPLC-UV, suggesting consistency between the two methods. The recoveries of the extraction procedure, assessed by spiking a proper amount of baicalin standard into the plant powder, were 99.4, 99.7 and 99.9% for the fortified percentage of 2.00, 4.00 and 6.00%, respectively.
